Abstract Results from one year of experimental monitoring the wastewater treatment plant of UFES (Federal University of Espírito Santo) treating a residential urban area of city of Vitoria ES, Brazil, have shown a good performance by a UASB reactor as a part of domestic sewage treatment and also performing aerobic sludge thickening and digestion. The total solids concentration around 6% was obtained in main sludge blanket at bottom of reactor despite a high daily aerobic sludge load discharged from four aerobic submerged biofilters containing 0.4% TS and 80% of VS/TS. Similar values were found in another experimental period when the reactor was fed only with raw domestic sewage. The average removal efficiency of organic matter and suspended solids observed for domestic sewage treatment are around 63% of SS and 64% COD. These results were obtained in the UASB reactor working with or without aerobic sludge recycling, with constant or variable load and hydraulic detention time (HDT) less than 6 hours. A proposed mass balance allows a theoretical assessment of aerobic sludge digestion and accumulation into UASB reactor.
Introduction
The sludge management problem from wastewater treatment plants (WWTP) around the world calls for a cleaner concentration technology, which generates a stabilized sludge in small volumes and better effluent quality. In this direction, an anaerobic UASB reactor as a main primary treatment followed by aerobic secondary treatment in submerged aerated biofilters has been an interesting alternative under analysis in Brazil. In this case, a simplified sludge management scheme was obtained by recycling the aerobic sludge into the UASB reactor for thickening and digestion.
The proposed configuration emphasizes the weight of sewage primary treatment that acts both on the particulate and soluble compartments of sewage carbonaceous substrate. It is observed that at least 70% of total incoming carbonaceous substrate can be transformed by the anaerobic metabolism of the UASB reactor. Consequently, a low sludge production and significant energy saving are the great attractions of this proposed configuration of UASB + BF when compared with the original configuration of the biofilter.
Another aspect to be emphasized is the total solid concentration in the discharged sludge from the bottom of UASB reactor with an average of >100 gTS/l, a superior value to that of the discharged sludge from the primary sedimentation process. Such solid concentration in the sludge makes dispensable a sludge thickening unit in the sewage processing plant. It is proposed that anaerobic digestion of aerobic sludge discharged from biofilters be performed directly into the UASB reactor, by recycling the aerobic sludge into raw sewage at WWTP. By this procedure, a significant reduction of sludge emission, mainly from UASB, with a high concentrate and mineralized sludge can be observed as originally proposed by van Haandel and Lettinga (1994) .
This configuration has great advantages when compared to the conventional systems mainly of activated sludge by eliminating the digestion unit in WWTP meaning compactness, lowering costs and operational simplicity for sludge management. Some WWTPs in this configuration are already at full operational scale in Brazil, such as Piracicamirim (200 L/s), Baixo Guandu (30 L/s), and Aimorés (30 L/s). Despite its conceived efficiency, little is known about the production, thickening, digestion and sludge quality for this kind of situation where a classical UASB integrated and receiving aerobic secondary treatment generates a mixed sludge. The objective of this study was to evaluate the sludge and biogas production in UASB + BF configuration system and to assess the overall balance involving thickening and digestion of mixed sludge in UASB reactors.
Methods
A WWTP for 1,000 inhabitants was designed with a UASB reactor of 35m 3 followed by four aerated submerged biofilters with a total volume of 12 m 3 and a drying bed of 50 m 2 . The system was fed with raw sewage with average characteristics from a residential urban area of Vitoria, ES, Brazil. After a pre-treatment, the sewage is directly loaded to the UASB reactor followed by continuous complementary treatment by biofilters as shown in Figure 1 .
The UASB reactor was built in carbon steel and internally protected with bituminous paint, with dimensions of 2.3 m × 2.3 m × 5.0 m. The four aerated and submerged biofilters for the secondary and tertiary treatment were made of several granulometric materials, with the following characteristics described in Table 1 .
The washing of the BF filtration bed was carried out with complete stoppage of each module. The excess biofilm removal requires turbulent movement of filtration bed, as a result of high hydraulic load of air and water. After the sewage shut off, high sequential hydraulic washing discharges were performed to eliminate the excess of fixed biomass. The stored sludge from BF was pumped and mixed with the raw sewage at the inlet of the WWTP and pumped to the UASB reactor. Solid phase. For the sludge characterization, each collected sample was analyzed for the following parameters: total solids (TS) and volatile solids (VS).
Gaseous phase. The biogas production was evaluated by turbine media with digital signal output for registry and data storage.
Operational parameters for UASB and biofilters
The operational parameters for UASB reactor and biofilters are described in Table 2 .
Results and discussion
Overall performance of UASB + BF system
The results from extensive monitoring indicate that the discharge of BF aerobic sludge into UASB reactor did not affect the overall performance of anaerobic treatment as shown in Table 3 and Figures 2 and 3 . Efficiency of 64% (COD removal) and 63% (SS removed) with medium load of 1.6 kgCOD/m 3 .day and 0.62 kgSS/m 3 .day were observed when UASB was operating with a HDT = 8 hours. The medium efficiencies of the system UASB + BF were of 88% in SS removal and 85% COD removal, resulting in a final effluent with average of 26 mg/l of SS and 80 mgO 2 /l of COD. These results were similar to those related by Araújo (1997) operating UASB + BF at pilot scale and the UASB fed only with raw sewage and no sludge from BF.
Thickening and stabilization of aerobic sludge in the UASB reactor
The sludge from the BFs repeatedly showed TS concentrations from 0.4 to 0.6% of TS and VS consistently around 80%. The analysis of solids concentration with different height of UASB reactor is shown in Figure 4 .
R.F. Gonçalves et al.
301 The sludge bed region was characterized as a zone of mixing of BF and UASB sludge. The VS content indicates that, although the thickening was performed at this UASB region (4 to 6%), the VS digestion of aerobic sludge is not active. Upwards, in the region of the sludge blanket, we can observe the zone of more stabilized sludge, with low TS concentration. To estimate the sludge characteristics from the mixture of two sludges (UASB and BF), a mass balance was proposed based on COD values, according to the following expression:
MSV (mixed sludge) = MSV (UASB sludge) + MSV (BFs sludge) Considering the hypothesis of mixed sludge was obtained without the contribution of BF sludge for thickening and digestion in UASB reactor, the MSV (UASB sludge) and MSV (BF sludge) can be calculated by: MSV (UASB sludge) = Y UASB × VS UASB × MCOD remUASB = 2.9 kg SV/day MSV (BFs sludge) = YBF × SV BF × MCOD remBF = 2.55 kg VS/day where: MSV (mixed sludge) = daily production mixed sludge (kg TS/day) MSV (UASB sludge) = daily production of sludge in UASB (kg TS/day) MSV (BFs sludge) = daily production of sludge in BFs (kg TS/day) Y UASB = yield coefficient in UASB (kgTSS/kg COD rem UASB ) (≅ 0.2 kgTS/kg COD rem ) SV UASB = VS concentration in the UASB sludge (VS/TS) (≅ 55% in sludge from UASB) MCOD remUASB = mass of COD removed daily by UASB (kg COD/day) where MST (UASB + BF) = Total Solids mass in mixed sludge.
This result indicates that the sludge mixture from BF with daily sludge generated in UASB is already a mixed sludge with a reasonable grade of stabilization. The main reason is that sludge from the UASB always shows VS concentration from 48 to 55% VS/TS when properly operated. The value of 64% VS/TS as observed in the mixed sludge is higher than the normal UASB sludge and maybe reflects the situation for the thickening process as a result of aerobic sludge addition in the UASB reactor.
Biogas production
The biogas production is illustrated in Figure 5 . The average biogas production was around 4.8 l biogas/min, for average COD removal of 22.3 kgDQO/day in UASB (HDT = 8 h). This value for removed COD does not consider the digestion of aerobic sludge. This results in specific biogas production of 310 l/kg removed COD representing around 80% of theoretical biogas production of 389 l/kgCOD at 25°C. Values of 270 l/kg removed COD were reported by Gnanadipathy and Polprasert (1993) . Based on these results, the mass balance on the system UASB + BF can be structured in relation to COD as illustrated in Figure 6 . The following coefficients were used: V VSS,COD = 1.5 kg COD/kg VSS; V COD = 0.25 kg CH 4 /kg COD; methane content in biogas: 70%.
The stabilization of aerobic sludge in the UASB is very slow, possibly by the limiting stage of hydrolysis of complex biomass organic compounds present in aerobic sludge. Also, the purged sludge from UASB containing the discharged aerobic sludge shows low VS concentrations, compatible with a dewatering process in dryness bed without odor and insect vector attraction. Figure 6 Mass balance based on COD removal in UASB + BF system (kgCOD/day)
